Magnetic susceptibility of partially aligned multiwalled carbon nanotubes has been studied using superconducting quantum interference device magnetometry. Partial alignment of multiwalled nanotubes was produced by uniaxially straining composites of carbon nanotubes embedded in polymer matrices. The degree of alignment was determined by x-ray diffraction. The observed magnetic response is diamagnetic and anisotropic with the component along the nanotubes less diamagnetic than that of the perpendicular. The observed anisotropy is consistent with theoretical predictions, but it contradicts earlier experimental findings.
along the stretching direction. The quality of the alignment can be determined by azimuthal x-ray scans across the ͑002͒ reflection of MWNTs, which corresponds to the intershell spacing of MWNTs and carbon nanoparticles. As illustrated in Fig. 1 for a 50% MWNT composite, a flat azimuthal intensity ͓Fig. 1͑a͔͒ indicates no alignment in the as-cast composite, and a pair of narrow azimuthal peaks 180°apart ͓Fig. 1͑b͔͒ corresponds to alignment in the stretched sample. The shape of the azimuthal scan reflects the actual angular distribution of the MWNT with its width the width of the distribution. The integrated intensity under the curve, i.e., the azimuthal scan across ͑002͒, is proportional to the amount of aligned MWNTs, thus giving a quantitative measure of the alignment with respect to the isotropic background from unaligned materials. Details of the synthesis and structural quality were discussed elsewhere. 8 In this research the measured azimuthal intensities were used as the angular distribution functions for deconvoluting the properties of a single nanotube. Stretched samples having a full width of about 40°i n their azimuthal scans were selected for the susceptibility study, and about 60% of MWNTs contained in these composites show partial alignment. Many batches of composites with a wide range of nominal MWNT compositions have been studied. Magnetic susceptibilities were measured using superconducting quantum interference device magnetometry in the temperature range between 5 and 300 K and field a͒ Electronic mail: ftsui@physics.unc.edu FIG. 1. Integrated x-ray intensity along the ͑002͒ reflection of the MWNT vs the azimuthal angle across the ͑002͒ reflection for ͑a͒ an as-cast 50 wt. % MWNT/polymer composite, and ͑b͒ its partially aligned counterpart.
APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 11 13 MARCH 2000 range of Ϯ5 T. Composite mats were suspended in the magnetometer by plastic straws. Magnetic responses were measured before and after the composite mats were stretched, and along and perpendicular to the stretched direction in order to determine the anisotropy. In order to determine the contribution of the polymer, pure polymer samples were made and stretched, and their magnetic responses measured. Temperature dependent magnetic susceptibilities of several MWNTs/polymer composites at 5 T are shown in Fig. 2 . The composites exhibit large diamagnetism, with the component along the nanotubes more paramagnetic ͓Figs. 2͑b͒ and 2͑c͔͒. The observed anisotropy is consistent with theoretical predictions, but opposite of earlier experimental results. 4, 6, 7 The susceptibility of the pure polymer is diamagnetic and small, and it is nearly isotropic and temperature independent ͓Fig. 2͑a͔͒. The values for MWNT composites exhibit strong temperature dependence, indicating that they are dominated by orbital contributions. The observed diamagnetic susceptibility and anisotropy increase as the MWNT concentration increases. This indicates that the values for pure MWNTs should be much larger, perhaps more than twice as large as that of the 50% composite. The observed susceptibility values for the as-cast samples are nearly the same as those averaged between the two orthogonal orientations for the respective stretched samples. This supports the notion that no intrinsic changes occur in the susceptibility as a result of stretching, as one would expect. In other words, the measured values for the as-cast samples correspond to the isotropic component of the susceptibility, and their differences with the values for the stretched samples along and perpendicular to the alignment direction represent the anisotropic component. The isotropic part contains responses from both unaligned MWNTs and nanoparticles, in addition to those of the polymer, but the anisotropic part arises only from the aligned MWNTs. We will return to this when we estimate the intrinsic susceptibility values of MWNTs.
Field dependent susceptibilities have been measured. The behavior at 5 K for several composites is shown in Fig.  3 . The observed anisotropy for the composites is consistent with the temperature dependent behavior at 5 T discussed above. Within experimental uncertainty, the behavior for pure polymer is isotropic. The observed field dependence at low temperature is slightly nonlinear, and the dependences along and perpendicular to the alignment are comparable. The observed field dependence is similar to those reported earlier, 4, 6 but again, the observed anisotropy is the opposite of earlier results. 4, 6, 7 In order to estimate the intrinsic susceptibility of the MWNTs, three factors have been considered and deconvoluted, and the results based on the method described here are shown in Fig. 4 . First, the contributions from the polymer were eliminated by extrapolating the observed susceptibility for different nominal compositions at a given temperature to values at 100% MWNT, as illustrated in Fig. 4 inset. In this way, the isotropic (M /H) iso and anisotropic (M /H) ani components were determined. The former can be obtained either from measured values for as-cast samples or from the average between the parallel (M /H) ʈ and perpendicular (M /H) Ќ values for stretched samples, and the latter from the differences between (M /H) iso and (
Second, only a fraction ͑ϳ60%͒ of the MWNTs powder exhibits alignment, so the measured (M /H) iso contains responses from all species in the powder, while (M /H) ani represents only the partially aligned portion. Since the multishell carbon species in the powder ͑about 30%͒ exhibit smaller susceptibilities compared to MWNTs, 4 and no significant amount of graphitic species are present, the measured isotropic mass susceptibility (M /H) iso , which was obtained using the total mass of the powder, should be smaller than the intrinsic value of MWNTs. The measured anisotropic mass susceptibility (M /H) ani , on the other hand, is about 60% of its intrinsic value, since only ϳ60% of the powder contributed to the measured responses. Finally, the effect of angular distribution of the aligned MWNTs was deconvoluted using the distribution function P() obtained from x-ray azimuthal scans ͓e.g., Fig. 1͑b͔͒ and by assuming the intrinsic susceptibility having the form
where iso is the isotropic component and ani the anisotropic one, and is the polar angle with respect to the axis of the nanotube. Therefore, ʈ ϭ iso ϩ ani and Ќ ϭ iso Ϫ ani . The presence of an angular distribution gives rise to a further correction to the observed anisotropic component (M /H) ani from ani . For a Gaussian distribution P() with a relatively narrow width of ⌬, this correction p(⌬) is roughly exp(Ϫ⌬ 2 ) ͓about 0.8 for a ⌬ of 0.5 ͑ϳ40°͔͒. Therefore the measured (M /H) ani is approximately 0.6p(⌬) ani or about 0.5 ani . The isotropic values shown in Fig. 4 are the measured (M /H) iso , whose value at 300 K is about Ϫ2.5 ϫ10 Ϫ6 emu/g. Since these values underestimate the intrinsic behavior substantially, as indicated above, they are in good agreement with earlier measurements [4] [5] [6] [7] and predictions. 2 Their temperature dependences are also in good agreement with earlier results. The anisotropic component shown in Fig. 4 is about 10 Ϫ6 emu/g, and nearly temperature independent. In other words, these estimates give values of Ϫ2 ϫ10 Ϫ6 and Ϫ3ϫ10 Ϫ6 emu/g for ʈ and Ќ , respectively. When compared to a previous estimate 7 based on a model relating the magnetic susceptibility of graphite to that of the nanotubes with respective values of Ϫ0.5ϫ10 Ϫ6 and Ϫ11 ϫ10 Ϫ6 emu/g, the values obtained from this work appear to be larger than the above ʈ ͑parallel to the hexagon͒ and smaller than the Ќ ͑perpendicular to the hexagon͒.
In summary, we have studied the magnetic susceptibility of partially aligned MWNTs/polymer composites as a function of temperature and field. The intrinsic behavior of MWNTs has been estimated from measurements of a series of isotropic and aligned composites with different MWNT concentrations. The observed susceptibility is diamagnetic and anisotropic with the component along the tube less diamagnetic than the perpendicular counterpart. The observed behavior is in good agreement with theoretical predictions, but the anisotropy is opposite to previously reported measurements. While the causes of the discrepancies are not clear, further investigations with more controlled CNT samples, particularly with more pure and nearly monodispersed CNT, are necessary. Nevertheless this work with systematically aligned MWNTs represents an important first step to elucidating the magnetic behavior of CNT.
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